telomere-proximal genes such as the COS genes were of prospective substrates and 3 H-AdoMet. While a previously characterized Arg MT, rHmt1p (McBride et al., expressed at higher levels, consistent with the effects seen on marker genes inserted near telomeres (Singer 2000) , methylated several purified proteins, including calf-thymus histones, rDot1p did not methylate any of et al., 1998), and there was a modest reduction in expression of RNAs encoded within the telomere-associated the purified substrates tested (data not shown and see below). However, when rDot1p was applied to a whole YЈ elements. Here, we report our biochemical analysis of Dot1p, which reveals that modification of the nucleocell or nuclear extract from a yeast strain lacking the endogenous DOT1 gene (to avoid modification of subsome core impacts the organization of the genome into active and silent chromatin domains.
strate by endogenous Dot1p), a single protein of ‫51ف‬ kDa was labeled by rDot1p ( Figure 2A , data not shown). In contrast, equal amounts of the mutant protein rDot1p-Results G401R had no detectable MT activity (Figure 2A ). Upon longer exposure, additional methylated proteins were Mutation of the Putative Methyltransferase Domain detected using extracts from dot1⌬ or wild-type cells of Dot1p Inactivates Its Silencing Function as a substrate, but none of those were specific for Dot1p The C-terminal half of Dot1p is homologous to putative (data not shown). Thus, Dot1p is a protein MT, and proteins identified in other organisms ( Figure 1A ). We mutation of the highly conserved Gly401 abolishes its found that this conserved domain has features of a bind-MT activity and its silencing function. ing site for S-adenosyl-methionine (AdoMet), the methyl donor for many methylation reactions (Kagan and Clarke, 1994). It has recently been suggested that the Dot1p Methylates Lysine 79 of Histone H3 predicted secondary structure of Dot1p has a methyl-
The apparent molecular weight of the rDot1p substrate transferase (MT) fold similar to that of the PRMT family and its presence in the nuclear extract suggested that of Arg MTs (Dlakic, 2001). These observations raised it might be a histone. Therefore, after combining a yeast the possibility that Dot1p might be an AdoMet-depennuclear extract with rDot1p and 3 H-AdoMet, the histone dent MT.
proteins were purified and subsequently separated by In the PRMT family of MTs, the key residue in binding reverse-phase HPLC (RP-HPLC). The entire
H label was of AdoMet is a highly conserved glycine (Gly) in motif I recovered in the histone preparation and coeluted with (Zhang and Reinberg, 2001). To test if the putative MT the fractions containing histone H(Figure 2B). fold is important for the silencing function of Dot1p, its
In order to determine which residue was methylated, corresponding Gly (see arrow in Figure 1A ) was changed HPLC-purified radiolabeled histone H3 was mixed with to Arg (G401R) or alanine (Ala; G401A). Single-copy plasexcess purified histone H3 from wild-type cells and mids that contained either of these mutant alleles or the treated with trypsin. When tryptic fragments were sepawild-type (wt) DOT1 gene were transformed into a DOT1 rated by RP-HPLC, the entire radioactivity was recovdeletion strain (dot1⌬), which contained a telomeric ered in one fraction containing one abundant ab-URA3 gene that served as a reporter for telomeric silencsorbance peak ( Figure 2C ). This fraction was analyzed ing ( Figure 1B ; Gottschling et al., 1990). The plasmid by nano-liquid chromatography electrospray ionization containing the wild-type DOT1 gene complemented the mass spectrometry (LC-ESMS), and four doubly charged deletion of DOT1 ( Figure 1C ). In contrast, the plasmids ion species were detected in a single chromatographic containing the dot1-G401R or G401A allele showed little peak ( Figure 2D ). The smallest ion species, with a massor no complementation, even though their gene prodto-charge ratio (m/z) of 668.5, corresponded to the hisucts were expressed at the same level as the wild-type tone H3 peptide 73-EIAQDFKTDLR-83. The other peaks protein ( Figure 1C ). This suggested that the putative MT increased by increments of 7 m/z units, which corredomain of Dot1p is required for wild-type silencing at sponds to the m/z of a methyl group in doubly charged telomeres ( Figure 1C) . ions (14/2). Thus, the four peaks appeared to represent We next tested whether the AdoMet binding site was the histone H3 peptide in unmodified, mono-, di-, and required for the overexpression phenotype of DOT1. trimethylated forms. Sequencing of each of the four pepHigh-copy plasmids containing DOT1 under control of tides by tandem mass spectrometry (MS/MS) confirmed the GAL1 promoter were transformed into a wild-type their identity and mapped the modification in each pepstrain with a telomeric URA3 gene. While cells overextide to Lys79 of histone H3 ( Figures 2E and 2F ). Since pressing wild-type DOT1 showed nearly complete loss acetylation and trimethylation of Lys result in an identical of telomeric silencing ( Figure 1D ), overexpression of nominal mass increase (ϩ21 m/z in doubly charged dot1-G401A or dot1-G401R had only a very modest reions), it was possible that the m/z 689.6 ion represented, duction in silencing. These data suggest that DOT1 has at least in part, acetylation of Lys79. However, further a MT activity that is required for its high-copy disruption analysis indicated that Lys79 was trimethylated and not of silencing. Furthermore, overexpression of the Dot1 acetylated (see below from a strain containing a mutant histone H3 gene that site of Dot1p methylation and to determine if it was the only site methylated. We used the faster migrating lacked the NH 2 -terminal tail (H3⌬2-30). Histone H3 without amino acids 2-30 was methylated to the same level histone H3⌬2-30 mutant as an internal control for our analysis of the K79A mutant. When nuclear extract conas wild-type histone H3 ( Figure 2G) . Thus, the tail of histone H3 was not necessary for Dot1p methylation of taining histone H3-K79A mutant protein was mixed with an equal amount of nuclear extract of the histone H3⌬2-Lys79.
Next, Lys79 was changed to Ala (K79A) in order to 30 tail mutant, only the tailless mutant was labeled (Figure 2G) . Thus, K79A did not serve as a substrate for independently evaluate whether this residue was the To confirm that Dot1p was directly involved in mono-, di-, and trimethylation of Lys79, unmethylated histone H3 in nuclear extracts from a dot1⌬ strain was methylated in vitro by rDot1p in the presence of excess (nonradioactive) AdoMet. This in vitro methylation of histone H3 restored the methylation to a pattern very similar to that of histone H3 isolated from wild-type DOT1 cells (Figure 3) , supporting the idea that Dot1p was directly responsible for mono-, di-, and trimethylation of histone H3-Lys79 in vitro and in vivo. Furthermore, we conclude that the m/z 689.6 ion ( Figure 2D ) represented only the the purified yeast histone H3 was mixed with nuclear extracts of a histone H3⌬2-30 mutant strain, it was not methylated by rDot1p (Figure 4 ). This latter experiment Dot1p Methylates Histone H3 in Chromatin All the in vitro methylation by rDot1p described above suggested that there was not a diffusible cofactor in the nuclear extract that mediated methylation by rDot1p. was done on histone H3 present in chromatin in yeast nuclear extracts. As noted earlier, purified histones from To determine if methylation by Dot1p required a particular chromatin structure, chromatin in yeast nuclei calf thymus did not serve as a substrate (Figure 4) . Therefore, histone H3 of a dot1⌬ strain was purified from was converted into mononucleosomes by extensive treatment with micrococcal nuclease, which preferenthe yeast nuclear extract (as described in Figure 2 ) and assayed as a substrate for methylation by rDot1p.
tially cleaves DNA in chromatin in the linker region be- it from these other HMTs. First, Dot1p methylates Lys79 in the core domain of We also looked at the effect of hypermethylation of histone H3-Lys79 by overexpression of Dot1p, which histone H3, which contrasts with previously identified HMTs that modify residues in the NH 2 -terminal tails of disrupts silencing at HMRa, telomeres, and the rDNA (Singer et al., 1998 binding, but rather it changes the distribution of Sir progenome (see Figure 7) . However, this relaxed specificity does not necessarily mean that Sir protein binding is teins along the chromosome. Thus, it is more likely that Sir proteins bind to a subset of histone H3 that occurs completely random. Although the Sir complex interacts with the nucleosome, it is recruited to specific loci by in low abundance (e.g., histone H3 with Lys79 unmodified, or mono-or dimethylated), which we postulate is DNA binding proteins such as Rap1p and ORC (reviewed in Gasser and Cockell, 2001). There are more than 500 present within the small fraction of silent chromatin (Figure 7) . Consistent with this idea, overexpression of ORC complexes and ‫003ف‬ Rap1p molecules bound to DNA at loci throughout the yeast genome ( tion by Dot1p, thus facilitating propagation of the silenced state.
